Bilirubin, the yellow-orange tetrapyrrole pigment of jaundice, is essentially insoluble in pure water, but is much more soluble in solutions of bile salts such as sodium taurocholate. The biophysical chemistry of bilirubin in bile salt solutions is affected by changes in the pH of the solution in the range 5-9, suggesting that interactions with bile salt molecules and micelles may alter the acidity of the pigment. We have examined this possibility by determining the apparent pK a values for a series of carboxyl 13 C-enriched model compounds, including the bilirubin analog mesobilirubin XIIIα, in solutions of sodium taurocholate and sodium taurodeoxycholate.
Introduction
Bilirubin is the yellow-orange tetrapyrrole pigment that is formed in humans primarily by the oxidative degradation of the heme from senescent red blood cells (1, 2) . It is best known because of its role in various hepatobiliary diseases, especially kernicterus and gallstone disease.
More recently, it has been found to have a beneficial antioxidant function (3).
Like heme, bilirubin has two propionic acid substituents, and the state of ionization of these functional groups can be assumed to play a crucial role in determining the conformation, solubility and transport of the molecule in the various tissues of the biliary tract. The apparent acid dissociation constants of these groups are difficult to obtain because of the very low water solubility of bilirubin. Nevertheless, numerous investigators, using a variety of methods, have reported apparent pK a values for the propionic acid groups, and the reported values have ranged between 4.4 and 9.3 (4) (5) (6) (7) (8) (9) . Recently, a series of mono-, di-, and tetrapyrrole model compounds containing carboxyl substituents with 99% 13 C-enrichment were synthesized, and the apparent pK a values determined by 13 C NMR in aqueous solutions containing various amounts of dimethylsulfoxide (10) . Furthermore, the validity of this method was proven in a similar study that examined the effect of dimethylsulfoxide on the apparent pK a s of a series of slightly soluble carboxylic acids (11) . The conclusions from these studies are that the acidities of the propionic acid substituents of bilirubin are similar to those of most aliphatic carboxylic acids in aqueous solution, and the estimated pK a values in water are ∼ 5.
In bile, bilirubin is solubilized mainly by interaction with the steroidal surfactants known as bile salts. Various spectroscopic and chromatographic properties of bilirubin in bile salt solutions have been reported to vary with pH (12) (13) (14) (15) (16) (17) . Furthermore, the pH dependence of these observations suggests that the acidity of the propionic acid substituents may be affected as a result of the interaction with bile salts. To investigate this possibility, we have determined the pK a s of a series of carboxyl 13 C-enriched model compounds in bile salt solution using NMR spectroscopy. Specifically, we have determined the apparent pK a values for benzoic acidcarboxy - 13 C (1), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]phenylacetic acid (2), a carboxy- 13 C butanoic acid-substituted monopyrrole (3), the dipyrrinone [8 3 - 13 C]xanthobilirubic acid (4) , and the bilirubin analog [8 3 , 12 3 -13 C 2 ]mesobilirubin XIIIα (5) (see Figure 1 ) in solutions of the bile salts sodium taurocholate (TC) 1 and sodium taurodeoxycholate (TDC) in aqueous solutions containing10- 13 C-enriched benzoic acid (1) and phenylacetic acid (2) were purchased from Sigma-Aldrich Chemical Co. and used without further purification.
Materials and Methods

99% carboxyl
The compound 3,5-dimethyl-2-methoxycarbonyl-1H-pyrrole-4-[4-13 C]-butanoic acid (3) was synthesized from 3,5-dimethyl-2-ethoxycarbonyl-1H-pyrrole-4-[4-13 C]-butyronitrile using a procedure based on that reported previously (18) . Thus, 912 mg of the starting nitrile were added to a 100 mL r.b. flask, to which 15 mL of ethyl alcohol, 15 mL of water, and 3.64 g of KOH were added. Then the mixture was refluxed for 40 hr. Excess solvent was removed by rotary evaporation, and the remaining solution cooled in an ice bath, producing a tan solid. The solid was taken up in 12 mL of 50%(w/v) NaNO 3 . The suspension was cooled in a dry ice -acetone bath. 4.5 mL of cold conc. HNO 3 were added dropwise so that the temperature did not exceed -10°C during addition. The resulting solid was filtered, and washed with ice cold water, affording the diacid as a lavender solid, which was dried in vacuo. The diacid was taken up in 10 mL of methanol, cooled in an ice bath, and 40 mL of ethereal diazomethane were added, and stirred for 5 min. The solvent was then removed by rotary evaporation. The residue was taken up in 10 mL of CHCl 3 , and the dimethyl ester was isolated by radial chromatography, using hexane:CH 2 Cl 2 (1.2:1). Then 405 mg of the diester were placed in a 25 mL r.b. flask, to which 8 mL of methanol and 2 mL of 1M NaOH were added, and the solution was refluxed for 18 hr. The excess methanol was removed by rotary evaporation. The resulting orange-brown solution was diluted with 8 mL water, cooled in an ice bath, and 2 mL of 1.1M HCl were added. The resulting pink precipitate was filtered, washed with ice cold water, and dried in vacuo. The desired product (348 mg) was obtained in an overall yield for the four-step synthesis of approximately 40%. The compound appeared to be pure by proton NMR, and showed only a single peak in the COOH region in the C-13 NMR.
[8 3 -13 C]Xanthobilirubic acid (4) was synthesized using a modification of a published procedure (19 It was found that 4 was not soluble enough in 10% DMSO to permit a titration without added bile salt. In a solution of 40 mM bile salt, the dipyrrinone was significantly more soluble.
But even under these conditions, 4 precipitated in samples with pH<6 after the samples had been standing for 1-2 hr. Therefore, titrations of 4 were performed also at higher concentrations of DMSO in the solvent, and the data extrapolated to 10% DMSO. To obtain an approximate value for the pK a with no bile salt present, values were determined at several different bile salt concentrations, and the data extrapolated to zero bile salt.
Compound 5 was found to be only very slightly soluble in 10% DMSO, 40 mM bile salt, and very long acquisition times were necessary to obtain titration data points. For samples of pH<5, overnight scanning (>8000 transients) was required. The compound was much more soluble in 20% DMSO, and the pK a determinations were done in this solvent. The observed C-13 chemical shift of the acid was plotted versus the pH of the sample, and the data were fit using the equation
where a and b are the carboxyl chemicals shifts of the fully protonated and deprotonated forms of the compound, respectively. The curve fitting was done by non-linear regression using the program Sigmaplot (SPSS, Inc.). For the dicarboxylic acid 5 the equation above was expanded to 
where a, b, and c are the chemical shifts of the acid, monoanion, and dianion, respectively. It was not possible experimentally to determine the chemical shift of the monoanion. Therefore, the value for this parameter was estimated using the method reported previously (10) .
Results
Benzoic acid (1), phenylacetic acid (2), and the pyrrole-butanoic acid compound ( (20) . The one difference is that the pK a was found to be linearly correlated with the vol% DMSO in this work, instead of the log vol% as was found in the earlier studies. The reason for this difference has been explained recently and is associated with the difference in methodology (21) .
The effect of DMSO co-solvent on the pK a for 1 is in very good agreement with the work of Rubino and Berryhill (22) . Those authors attributed the effects of the co-solvent on the pK a to both electrostatic and non-electrostatic medium effects. Theory suggests that the pK a should be inversely proportional to the dielectric constant of the medium, and the increase in apparent pK a that is observed in DMSO is consistent with that idea (23) . However, the pK a of 2 was also determined in 10%(v/v) N-methylformamide (dielectric constant 170), and was found to be 4.39, compared to 4.49 in 10% DMSO. Although the change in pK a is in the right direction, it might be expected that the value would be less than that for pure water, which was not the case. Thus, additional factors beyond a simple medium effect appear to be involved.
The effects of bile salts on the apparent acidities of 1, 2, and 3 were determined next, and the results for 3 in the absence and presence of 40mM taurodeoxycholate (TDC) are shown in are consistent with micellar solubilization in these solutions. The cmc's for TC and TDC in aqueous solutions are known to be 8-10 mM and 2-4 mM, respectively (25) . The effect of the DMSO co-solvent on the cmc of these bile salts has not been investigated. However, it might be expected that the cmc would be increased slightly due to the decreased polarity of the medium.
As would be expected from the results shown in Figure 4 , the effect of bile salt concentration on chemical shift at pH 8 was much smaller in all cases.
Typical titration data for 4 in 40mM TDC and TC solutions (20%DMSO) are presented in Figure 6 . For 4, the mean pK a values were 5.87 and 5.51in TDC and TC solutions, respectively. From the dependence of the pK a on the bile salt concentration (results not shown), an extrapolated pK a value with no bile salt was determined to be 4.93. Thus the shift in apparent pK a in the presence of TDC is almost 1 pH unit. From the dependence of the pK a of 4 on the Vol% DMSO in the solvent (results not shown), extrapolated values in 10%(v/v) DMSO were obtained, and were found to be 5.74 and 5.27 for 40mM TDC and 40mM TC, respectively. Thus the estimated ∆pK values in 10% DMSO are significantly higher than those for 1, 2, and 3 under the same conditions. Table 1 shows the effects of bile salt on the carboxyl chemical shift of 4 at low and high pH. First, the changes in chemical shift are significantly larger than those observed for 3, indicating greater interaction of both the anionic and neutral forms of 4 with bile salt than was the case with the monopyrrole. Secondly, TDC has a greater effect than TC, but the effects are much more pronounced at low pH than at high pH.
Titration data for 5 in 40mM TDC, 20% DMSO are shown in Figure 7 . Since it was not possible to determine the chemical shift of the monoanion from the titration data, this data was analyzed three different ways. Using the curve-fitting procedure, and allowing the monoanion chemical shift to take on a best-fit value, pK a1 and pK a2 values of 6.2 and 6.5 were obtained.
However, the dependence on the monoanion chemical shift was very high, and errors in the estimation of pK a1 and pK a2 were between 10 and 20%. Prior work on 5 and other dicarboxylic acid compounds showed that the titration data could be fit reasonably well by using correction factors obtained from the titration of adipic acid. (10, 11) Applying that approximation to our data for 5, values of pK a1 and pK a2 were estimated to be 6.4 and 7.0. Lastly, an assumption was made that the chemical shift of the monoanion is approximately the average of those for the acid and dianion. Using this approximation, estimated pK a1 and pK a2 values were 6.3 and 6.9. The errors in all these estimated values are at least 10%. However, it is clear from the titration curve that both pK a values are in the range 6.0 -7.3, and we estimate pK a1 to be 6.2-6.4 and pK a2 to be 6.4-7.0. We did not determine the pK a values for this compound with no bile salt present, because of solubility problems. However, these values in comparable solvents were reported previously, and, for example, were approximately 5.2 and 5.9 in 27 vol% DMSO (10) . By varying the vol% DMSO in the solvent, we were able to estimate values for pK a1 and pK a2 of 5 in 10% DMSO, 40 mM TDC of 5.9 and 6.5. Thus, in 10% DMSO, the bile salt at 40mM concentration causes a shift in apparent pK a of about 1 pH unit for the tetrapyrrole. In pure water we would expect the pK a1 and pK a2 values with 40mM TDC to be similarly shifted, with values between 5.6-6.6.
We were unable to obtain a complete titration curve for 5 in 20% DMSO in the presence of 40mM TC. Below pH 6.5, the carboxyl-13 C peak was not observed, even after overnight scanning. However, the data obtained at pH>6.5 are plotted in Fig. 7 . From these data it appears that the pK a shift for 5 in TC solution would be less than that in TDC solution, as was found for compounds 1 through 4. Table 2 lists the experimentally determined pK a values for all five compounds in solutions without bile salt present compared to those in samples containing either TC or TDC (40 mM). The magnitude of the increase in pK a in the presence of bile salt is smallest for the simple aromatic acids 1 and 2, and increases as the size of the parent acid increases, and the corresponding water solubility decreases. The increase in pK a is always greatest for TDC solutions compared to TC solutions, and this difference in the effect of the two bile salts on pK a increases as the size and nonpolar character of the compounds increases. 
Discussion
If K m1 > K m2 > K m3 , then K a1 / < K a1 and K a2 / < K a2
and pK a1 / > pK a1 and pK a2 / > pK a2
The model is presented for bilirubin diacid, but a similar model may be applied to any monocarboxylic or dicarboxylic acid. In this model, the amphipathic carboxylic acid partitions between the aqueous and micellar phases. The interaction occurs between the acid and a bile salt micelle. This interaction could also be with bile salt monomer, but the results indicate that monomer interaction is probably insignificant, and this is supported by our prior spectroscopic investigations (17) . Complexation in the micellar phase is assumed to occur by hydrophobic interactions, analogous to the model proposed by McGown for bile salt solubilization of polycyclic aromatic hydrocarbons (26) , and also suggested by our prior studies of bilirubin and xanthobilirubic acid with bile salts (17, 27) . It is assumed that all the equilibria depicted are established rapidly, and that an observed carboxyl chemical shift is the time average of the chemical shifts of all acid and conjugate base species present in the sample. Since the acid is in a less polar environment in the micellar phase, the observed chemical shift of the carboxyl carbon should decrease, i.e., the resonance should be shifted upfield, analogous to the reported solvent effects on C-13 chemical shifts of carbonyl groups (28) . This "solvent effect" might also occur by interaction of the acid with bile salt monomers. However, as shown in Figure 5 , the changes in chemical shift did not become significant until the concentrations of the bile salts were increased to levels that exceeded the known cmc values for these surfactants.
Since the acid partitions between the aqueous and micellar phases, the relative acidity will be decreased, i.e., the apparent pK a will increase, because of the decrease in activity of the acid in the bulk solvent. As the water solubility of the series of acids decreases, the relative pK a values should increase because of greater partitioning of the more nonpolar compounds into the micellar phase. The presence of bile salt monomers in the bulk solvent is expected to decrease the dielectric constant of the medium. This also would produce an increase in apparent pK a due to the medium effect. However, this effect is assumed to be small because of the relatively low concentration of the bile salts in these experiments.
It is possible that both the acid and conjugate base forms of these compounds partition into the micellar phase, although the complexation of the anions would be less likely due to electrostatic repulsion. The NMR data clearly indicate that there is little, if any, interaction of the anions of 1, 2, and 3 with bile salt aggregates, but that there is interaction of the anions of 4 and 5
with the micelle phase. In the case of 4 and 5, the magnitudes of the chemical shift changes indicate weaker interaction of the conjugate bases compared to the parent acids, as expected. In any case, the magnitude of the shift in pK a should increase with the relative propensity of the compound to be sequestered in the micellar phase. This should be the least for 1 and greatest for 5, and is consistent with the experimental results.
The proposed model, while consistent with the results of these studies, is oversimplified, and does not take into account other factors such as electrostatic effects at the micelle-water interface. Fernandez and Fromherz studied the pK shifts of certain pH indicators in micellar solution, and found, for example, a substantial increase in pK a for incorporation of hydroxycoumarin in SDS micelles (29) . They attributed the pK a shift to the reduced polarity at the micelle surface, and also to the effect of the electrical potential at the surface of the charged micelles. The pK a shifts that we have observed in bile salt solutions appear to be similar in character to those reported for SDS. However, knowledge of the equilibria involved is incomplete, and the factors contributing to the pK a shifts cannot be accurately defined from our results. The effect of bile salt on the pK a of these compounds is similar to that recently reported for bile salt solubilization of retinoic acid and derivatives (30) . Our results are also similar to those reported earlier for the ionization behavior of cholic acid in micelles and membranes (31) , and for the acidity of fatty acids when bound to proteins and membranes (32) . The micellar complexation model that we have used is similar to those proposed for complexation of aromatic carboxylic acids by cyclodextrins (33, 34) .
Taurocholate (TC) is a trihydroxy-substituted bile salt, while taurodeoxycholate (TDC) is dihydroxy-substituted. TC is thus somewhat more polar than TDC, as reflected in the higher cmc value for this species. Assuming that micellar solubilization of the compounds in this study occurs by hydrophobic interaction with the non-polar faces of the bile salts, the microenvironments provided by TC and TDC would not be expected to differ greatly. It is known, however, that the size and shape of the micelles formed by these two species are different (35, 36) . Based on the relative polarities of the two bile salts, it can be predicted that the observed pK a values should be higher in TDC solution than in TC solution. The results are consistent with this prediction. Whether the difference in these values is due to differences in the structure of the micellar complexes or to a more general type of medium effect cannot be determined from these results.
The results of this study help to explain earlier results on the effects of pH on various properties of bilirubin in aqueous solutions of bile salts. Specifically, the light scattering intensity of such solutions, as well as the capacity factor of bilirubin in capillary electrophoresis (CE) experiments, have been shown to have a marked pH dependency. Some of the relevant light scattering data are presented in Figure 8 . Plotted along with this data is the relative concentration of the fully protonated form of bilirubin, calculated using the pK a1 and pK a2 values determined in this study. The data strongly suggest that the observed variations in these properties with pH are coincident with the formation of the fully protonated acid. The increase in light scattering intensity would be due to formation of colloidal aggregates of the pigment, a process that would be more favorable for the neutral species. The increase in CE capacity factor might also involve aggregation, but might also be due to the reduced mobility of the pigment in the electric field upon charge neutralization.
The results also have implications concerning the biophysical chemistry of bile fluid. The pH of hepatic bile varies between 5.7-8.6, with a typical value of about 7.6, while the pH of concentrated gallbladder bile has been reported to be 6.1-8.6, with a typical value of about 6.8
(37). There has been disagreement about the state of ionization of bilirubin in these fluids, due to the lack of widely accepted values for the ionization constants of the pigment in relevant media.
Assuming that bilirubin behaves like mesobilirubin XIIIα (5) in bile salt solution, the molecule in bile will be a weaker acid than in pure water. Between pH 6 and 7 monoanionic forms would predominate, but significant amounts of the fully protonated species might also be present. The distribution of the various acid and base forms of the pigment would depend on the respective micellar partition coefficients of these species. In any case, the existence of significant amounts of the protonated forms in gallbladder bile would enhance the likelihood of aggregation and precipitation of the pigment. Bile fluid is a much more complex medium than a simple bile salt solution, but it is expected that similar effects on the acidity of bilirubin will be found when it is solubilized in solutions containing mixed micelles of bile salts and phospholipids. 
